Abstract: Structural oval hollow sections represent a recent and rare addition to the range of cross-sections available to structural engineers and architects. Their emergence is also timely given the increasing application of hollow sections in construction and the current trend towards the use of bare steelwork to express structural form. However, despite widespread interest in their application on the basis of both architectural appeal and structural efficiency, a lack of verified design guidance is inhibiting uptake. This paper summarises previous analytical and experimental studies on oval hollow sections, and describes laboratory testing, numerical modelling and evaluation of preliminary design rules for the recently introduced structural elliptical hollow sections. Laboratory testing has been carried out in two primary structural configurations -compression and in-plane bending. In addition to the basic geometry (including initial geometric imperfections) and material properties, full load-deformation histories were recorded. Numerical models, using the finite element package ABAQUS, were created and validated against the test results, before a series of sensitivity and parametric studies were conducted. The models included features such as curved geometry, non-linear material properties and initial geometric imperfections. For stub column behaviour, ultimate load was generally well predicted by the numerical models, but prediction of deformation at ultimate load was less accurate. For bending behaviour, the full bending moment-deformation history was consistently well predicted. Comparison of the test and finite element results against preliminary design rules has demonstrated broadly acceptable agreement, but additional analysis on the basis of further testing and modelling is required.
INTRODUCTION
As the construction industry continues to evolve, innovative products and design techniques are being developed to respond to the ever increasing demands on both the efficiency and aesthetics of civil engineering structures. A recent advance has been the introduction of high strength, hot-rolled and cold-formed oval hollow sections for structural application. The fundamental test data and verified structural design guidance to enable their safe and efficient use is currently being developed. Previously, in projects where oval sections have been specified, structural engineers have been forced to adopt a pragmatic and conservative approach to the design [1] . A number of examples of applications of oval hollow sections in structural engineering projects have been reported [2] .
Whilst maintaining, if not exceeding the aesthetic appeal of circular sections, oval sections also offer the structural advantages of sections with differing major and minor axis properties, i.e. more efficient use of material in a number of primary structural configurations, for example, flexural elements (in major axis bending) and compression elements (braced against minor axis buckling).
An oval has no single mathematical definition, but may be described generally as a curve with a smooth, convex, closed 'egg-like' shape; many types of oval, with a range of geometric properties (degree of elongation, asymmetry etc) therefore exist. A number of particular types have been examined in previous studies of elastic critical buckling and post-buckling of shells, the two most significant of which are defined by Eqs. (1) and (2) . Other geometries have been described by Marguerre [3] .
The curve defined by Eq. (1) is convenient because it can be used to generate a family of ovals of varying aspect ratio, but constant circumferential length, thereby providing a rational basis for comparisons. where r is the local radius of curvature, r 0 is the radius of a circle of circumference equal to that of the oval, ξ is a measure of eccentricity (ovality) ranging between zero and unity (to ensure convexity of the shell), s is the circumferential coordinate (see Figure 1 ) and L 0 is the circumferential length of the oval measured along the centreline of the wall thickness.
Figure 1. Geometry of oval sections
Eq. (2) defines the geometry of an ellipse. The nature of the expression enables direct and straightforward determination of many of the geometric properties, whilst other properties may be calculated by integration. Standardised section properties may be obtained from prEN 10210-2 (2003) [4] . The oval hollow sections described in the current study are of elliptical geometry. (2) where x and y are the Cartesian coordinates and a and b are the major and minor radii, respectively (see Figure 1) .
Currently, few test results on oval hollow sections exist and there is a limited understanding of their properties and structural performance at both a cross-sectional and member level. Early test results on oval sections of non-metallic materials and of very slender proportions have been conducted by the aeronautical sector, including those by Hutchinson [5] , Feinstein et al. [6] and Tennyson et al. [7] . Tentative design rules for structural oval hollow sections, based on assumed analogies with circular hollow sections have been proposed by the Steel Construction Institute and Corus Tubes [8, 9] , which although rationally based, have no theoretical, numerical or experimental verification.
The elastic critical buckling and post-buckling behaviour of oval shells first received attention from the aeronautical industry in the 1950s and 1960s, with the principal investigations conducted in the USA. Following examination of the behaviour of shells of varying curvature [3] , analyses to predict the elastic critical buckling and post-buckling response of oval hollow sections under axial loading were conducted [10, 11] . It was proposed that the elastic critical buckling stress for an oval cross-section subjected to pure compression could be approximated by Eq. (3), derived simply by substituting the maximum radius of curvature of an oval section r max into the classical buckling expression for a circular cylinder [12] . This assumes that buckling would initiate at the point of maximum radius of curvature and ignores the restraining effect of the surrounding material of lower radius of curvature; Eq. (3) is therefore a lower bound solution. where E is the material Young's modulus, t is the thickness of the cross-section, ν is Poisson's ratio and r max is the maximum radius of curvature of the oval.
For an elliptical section, the maximum radius of curvature occurs at the ends of the minor axis, and may be shown to be equal to a 2 /b, where a and b are the major and minor axis radii ( Figure 1 ). Thus, the elastic critical buckling stress for an elliptical cylinder may be approximated by Eq. (4). (4) Note that for the case where a = b, Eq. (4) reverts exactly to the elastic critical buckling stress of a circular cylinder, whilst for high a/b ratios the critical buckling stress approaches that predicted by the classical buckling expression for a flat plate.
The post-buckling response of a axially compressed circular cylindrical shell differs markedly from that of a flat plate, as indicated schematically by Figure 2 . Whereas a flat plate exhibits a stable post-buckling response, the initial post-buckling response of an axially compressed circular cylindrical shell is highly unstable, resulting in high imperfection sensitivity and observed failure loads significantly below those predicted by linear theory. The behaviour of an oval section may be assumed to be intermediate between these two bounds, but the transition point (a/b ratio) between a stable and an unstable post-buckling response and the associated consequences in terms of ultimate load carrying capacity, has been the subject of some debate [5, 11, 13] . Discrepancies related to whether consideration was being given to the initial post-buckling region or the far post-buckling region, and it has since been demonstrated by experimentation that ultimate loads well in excess of critical buckling loads can be achieved for oval sections of moderate (ξ = 0.5, a/b = 1.40) to extreme (ξ = 1.0, a/b = 2.07) proportions [6] . Analysis of the buckling and post-buckling response of oval cylinders in bending and under combined axial compression and bending has also been carried out. For bending about the minor axis, as for pure axial compression, buckling may be assumed to initiate at the point of maximum radius of curvature, which now also corresponds to the point of maximum compressive stress. For bending about the major axis, buckling, in general, initiates neither at the point of maximum radius of curvature (since this lies on the neutral axis) nor at the point of maximum compressive stress (since the radius of curvature is a minimum at this location). Studies of the point at which buckling initiates in an oval section subjected to combined axial compression and bending (about the major and minor axes) and subsequent examination of the buckling and post-buckling response have been performed and reported [14] [15] [16] . The influence of plasticity on the buckling of oval cylinders under axial compression [17] and under bending [18] has also been investigated.
LABORATORY TESTING

Introduction
The investigations described in the previous section have focussed generally on the critical buckling and post-buckling behaviour of slender, elastic oval cylindrical shells of non-structural dimensions. Although fundamental to the understanding of the behaviour of structural oval hollow sections, particularly those with cross-sections of slender proportions where buckling occurs in the elastic material range, this knowledge clearly needs to be supplemented by additional testing and analysis. Two recent experimental programmes to investigate the structural performance of oval hollow sections have been conducted at Imperial College London and at the University of Southampton; the testing details and results of these studies are described herein.
Imperial College London tests
Since OHS have only recently been introduced, selection of specimens was limited largely by product availability. Three section sizes were obtained: OHS 150x75x6.3, OHS 150x75x8.0 and OHS 300x150x8.0. For each of the two smaller section sizes, two material tensile coupon tests and two stub column tests (in pure compression) were conducted. For the larger section size (OHS 300x150x8.0), three material tensile coupon tests and three stub column tests (in pure compression) were conducted. All material was Grade S355 and supplied by Corus.
Material tensile coupon tests
Tensile coupon tests were carried out to determine to the basic stress-strain characteristics of the material for each of the tested section sizes. The tensile coupon tests were carried out in accordance with EN 10002-1 (2001) [19] .
Parallel coupons were machined longitudinally from the two flattest portions of the cross-sections (i.e. along the centrelines of the ends of the minor axis) using a tipped slot-drill ( Figure 3 ). The nominal dimensions of the tensile coupons were 320×30 mm. Holes were drilled and reamed 20 mm from each end of the coupons for pins to be inserted to prevent slippage of the coupons in the jaws of the testing machine.
Linear electrical strain gauges were affixed at the midpoint of each side of the tensile coupons. A series of overlapping proportional gauge lengths L 0 was marked onto the surface of the coupons; the gauge length of proportional test pieces is related to the original cross-sectional of the test piece S 0 such that L 0 = 0 65 5 S .
. Pressure, strain, displacement and input voltage were all recorded using the data acquisition equipment DATASCAN and logged using the DALITE computer package. All data were recorded at 4 second intervals. The tensile tests were performed using an Amsler 350 kN hydraulic testing machine. Strain rates were within the limits prescribed by EN 10002-1, with fracture occurring, on average, after about 45 minutes.
Mean measured dimensions and key results from the seven coupon tests are reported in Table 1 . The stress-strain curves are provided elsewhere [20] . The strain gauges adopted for the OHS 150x75x6.3 and OHS 150x75x8.0 material tests were capable of recording strains up to approximately 1%, whereas for the OHS 300x150x8.0 material tests, high yield strain gauges were utilised enabling strain to be recorded up to approximately 10%. Where material exhibited an upper and lower yield point, it is the lower yield stress that is given in Table 1 . 
Stub column tests
A total of seven Oval Hollow Section (OHS) stub columns were tested in pure axial compression to assess load carrying capacity and deformation capacity. Full load-end shortening curves were recorded, including into the post-ultimate range.
The stub column specimens were cut roughly to length using a rotary hacksaw. Their ends were milled flat and square to a tolerance of ±0.02 mm to achieve accurate seating in the testing machine. Prior to testing, strain visualisation grids were marked onto the surface of the specimens, and measurements of geometry, including initial imperfections were taken.
The nominal lengths of the stub columns were chosen such that they were sufficiently short not to fail by overall buckling, yet still long enough to contain a representative residual stress pattern. A trial stub column test where the length of the specimen was 3 times the larger cross-sectional dimension displayed evidence of overall buckling effects. Subsequent stub column lengths were therefore taken as two times the larger cross-sectional dimension.
Testing of the four OHS 150x75 was carried out in a self-contained 300 T Amsler hydraulic testing machine (Figure 4a ), whilst the three larger OHS 300x150 were tested in a purpose-built test rig ( Figure 4b ). Both set-ups were load-controlled through an Amsler control cabinet. The end platens of both testing arrangements were fixed flat and parallel. Three linear variable displacement transducers (LVDTs) were used to determine the end shortening of the stub columns, between the end platens of the testing machine. Figure 5 shows a schematic view of their layout. Four linear electrical resistance strain gauges were affixed to each specimen at mid-height, and at a distance of four times the material thickness from the major axis. The strain gauges were initially used for alignment purposes. Load, strain, displacement, and input voltage were all recorded using the data acquisition equipment DATASCAN and logged using the DALITE computer package. All data were recorded at 2 second intervals.
Alignment of the specimens was necessary to ensure that the compressive load was introduced concentrically. This was carried out by applying a small alignment load to the specimens, approximately 10% of the predicted failure load F u,pred and observing the variation in strain around the cross-section. In all cases the variation between strains at any point from the average strain was
less than 5%. Linearity of the stress-strain plot was used to confirm that the alignment load was below the proportional limit.
Figure 5. Location of displacement transducers
Loading rates during testing were set such that ultimate load would be reached after 30-45 minutes, and the test would be completed following an appropriate amount of unloading after 60-80 minutes.
Measurements of major and minor axis diameters, material thickness and stub column length were taken at four different points. The mean measured dimensions for the stub column specimens are presented in Table 2 . The cross-sectional area A c of the test specimens was calculated from the measured values of major and minor axis outer diameters and thickness, through Eq. (5). Measurements of local initial geometric imperfections are important in aiding the explanation of structural response and in the development of numerical models. Schafer and Peköz [21] conducted a detailed assessment of initial geometric imperfections on cold-formed channel sections. In their experimental set-up, the specimens were mounted on the table of a milling machine, and a displacement transducer, fitted in the head of the milling machine, was employed to trace the local geometric imperfections. A similar arrangement was adopted by Gardner and Nethercot [22] the present study (Figure 6 ), whereby, a mechanical dial gauge indicator was fitted into the head of the milling machine, and the specimens were clamped to the bed. An automatic feed was used to pass the specimen under the dial gauge indicator, along its length. Readings were taken at regular intervals along the centreline of the minor axes of the specimens ( Figure 7 ). Table 3 presents the maximum initial geometric imperfection magnitudes that were measured along the centrelines of the minor axes of each of the section sizes. The datum for the imperfection measurements is a straight line connecting the ends of each stub column face. Head of milling machine measurements). Thus true end shortening values were derived, and are utilised in the remainder of this study.
Load-end shortening curves from the stub column tests are shown in Figures 8 to 10 . Note that the two OHS 150x75x6.3 stub columns are of differing length (resulting in differing load-endshortening behaviour, as shown in Figure 8 ). The full load-end shortening curve was not recorded for OHS 300x150x8.0 -SC3.
All stub columns exhibited a similar failure mode whereby the two wider faces of the cross-sections buckled locally. All sections displayed a single half wave across the width of the section, indicating characteristics more closely associated with plate behaviour than shell behaviour. Photographs of deformed test specimens (OHS 150x75x8.0 -SC1 and OHS 300x150x8.0 -SC1) are shown in Figure 11 .
A summary of the results from the stub column tests is presented in Table 4 . For each test, the ultimate load and the end shortening at ultimate load have been tabulated. Table 4 . Summary of results from stub column tests
University of Southampton tests
An experimental study into the minor axis bending behaviour of structural OHS was conducted at the University of Southampton [23] . A four-point bending arrangement was employed for all tests. Three different section sizes were considered, OHS 150x75x5.0, OHS 150x75x6.3 and OHS 150x75x8.0; each test was repeated three times, resulting in the total of nine tests. A tensile coupon test was conducted on material from each of the nine test specimens. All material was Grade S355 and supplied by Corus.
Material tensile coupon tests
Tensile coupon tests were conducted on material cut from each of the nine bending test specimens. The nominal dimensions of the coupons were 200 mm x 20 mm. The tests were displacement controlled and utilised Instron testing machinery. A summary of the results is provided in Table 5 , though other than geometric measurements, only yield stress was reported. Figure 11 . Deformed stub column test specimens Table 5 . Minimum measured dimensions and yield stress from tensile coupon tests
Note that the number of the coupon tests (C1, C2 and C3) relates directly to material cut from the bending test specimens (B1, B2 and B3, respectively).
In-plane bending tests
The in-plane minor axis bending tests were conducted in a symmetrical four-point bending arrangement as illustrated in Figure 12 . The nominal dimensions for L 1 , L 2 and L 3 were 1100 mm, 800 mm and 1100 mm respectively, with the measured dimensions given in Table 6 . Mean measured cross-sectional dimensions of the test specimens are provided in Table 7 . 
NUMERICAL MODELLING
Introduction
A numerical modelling programme was carried out in parallel with the experimental programme at Imperial College London. The initial aim of the numerical work was to replicate the experimental compression and bending behaviour numerically. Subsequent studies were performed to investigate the sensitivity of the models to variation in the key input parameters. All numerical modelling was performed using the non-linear finite element (FE) analysis package, ABAQUS version 6.4 [24] .
Development of FE models
General
The elements chosen for the FE models were 4-noded, reduced integration shell elements, designated as S4R in the ABAQUS element library, and are suitable for thin or thick shell applications [24] . Convergence studies were conducted to decide upon an appropriate mesh density, with the aim of achieving suitably accurate results whilst minimising computational time. Linear elastic eigenmode simulations were conducted to provide buckling modes to be used as initial imperfections in subsequent non-linear analyses. The modified Riks method [24] was employed to solve the geometrically and materially non-linear stub column and beam models. The modified Riks method is an algorithm that enables effective solutions to be found to unstable problems (e.g. post-ultimate response of compression or flexural members), and adequately traces non-linear unloading paths.
3.2.2
Material modelling ABAQUS requires that material behaviour be specified by means of a multi-linear stress-strain curve, defined in terms of true stress and log plastic strain. The relationships between true stress and engineering stress, σ true and σ nom , respectively, and log plastic strain and engineering strain, pl ln ε and ε nom , respectively, are given in Eqs. (6) and (7) 
The measured material properties taken from the tensile coupon tests were adopted in all cases.
Where incomplete stress-strain data were available average properties (such as Young's modulus) from the remaining coupon tests were used; this was deemed acceptable since there was little variation in material properties between specimens.
Residual stresses and initial geometric imperfections
Residual stresses were not incorporated in the FE models in this study. The reason for this was two-fold. Firstly, no residual stress measurements have been conducted on structural steel oval hollow sections, and secondly, there was no evidence of residual stresses during the preparation of the tensile coupons (that were machined from within the completed oval hollow sections); i.e. the deformation of the coupons as they were released from the surrounding material was very small. However, residual stresses may have been induced as a result of thermal action in the University of Southampton bending tests, where plates were welded to the specimens at the loading and support points. Residual stress measurements would be useful in future studies.
For the stub column models local geometric imperfections of the form of the lowest eigenmode were included in the non-linear analysis. The shape of the three lowest eigenmodes for OHS 150x75.6.3 -SC2 are shown in Figure 16 . For the bending models, both local and global geometric imperfections were included in the models. To generate the imperfection modes for the beam models, the bending arrangement was initially replaced by an axial compression arrangement with pin-ends; subsequently, for the non-linear bending analysis, the local imperfection took the form of the lowest local buckling mode and the global imperfection took the form of the lowest global buckling mode.
Due to the limited detail of imperfection measurements, the local imperfection amplitude for the stub columns was considered as a series of fixed fractions of the material thickness (t/10, t/100 and t/500), whilst the global imperfection amplitude for the beam models was taken as a fixed fraction of the beam length (L/2000). 
3.3
Simulation of tests
Stub column tests
The stub column tests were modelled using the measured dimensions of the test specimens, material stress-strain data from the corresponding tensile tests and geometric imperfections of the form of the lowest elastic eigenmode. To assess the sensitivity of the models to variation in imperfections, three different amplitudes were considered -t/10, t/100 and t/500, where t is the material thickness. Boundary conditions were applied to model fixed ends. This was achieved by restraining all displacements and rotations at the base of the columns, and all bar vertical displacement at the loaded end of the stub column. Constraint equations were used to ensure that the loaded end of the stub column remained in a horizontal plane.
A comparison of the FE results with the test results for the stub columns is given in Table 9 ; values of ultimate load F u and deformation at ultimate load δ u are compared. Table 9 demonstrates that test ultimate load can generally be closely predicted numerically, and is relatively insensitive to imperfection amplitude. In all cases the ultimate load in under-predicted; this is assumed to be largely due to inaccurate material modelling (including use of tensile coupon tests to represent compressive stress-strain properties). However, the deformation at ultimate load is very sensitive to the exact level of imperfection, and this is not reliably predicted using the described models. This is a commonly observed problem and due principally to the sensitivity of numerical models at points of very low stiffness (i.e. near ultimate load, a small increment of load corresponds to a very large increment of deformation). This matter will receive further attention in future studies. Figure 17 compares the load-end shortening response of the OHS 300x150x8.0 -SC1 test with the FE models containing the three different imperfection amplitudes. Note that the results of the FE models with imperfection amplitudes of t/100 and t/500 are almost coincident.
The failure modes of the FE models were similar to those observed in the tests. An example of a deformed FE stub column model (OHS 150x75x6.3 -SC1) is shown in Figure 18 . 
Bending tests
The bending tests conducted at the University of Southampton were modelled using the measured dimensions of the test specimens, material stress-strain data from the corresponding tensile tests and local and global geometric imperfections of the form of the lowest elastic eigenmodes. Since only values of yield strength were reported from the University of Southampton tests, mean values of other material properties such as Young's modulus and ultimate strength were assumed as the mean values from the Imperial College London tests. Initial studies demonstrated that the models were not sensitive to variation in imperfection amplitude; therefore a local imperfection amplitude of t/100 and a global imperfection amplitude of L/2000 were employed throughout the study. A general view of the FE model of the bending set-up is shown in Figure 19 . The FE failure modes mirrored the test failure modes, with in-plane bending only. The bending was generally symmetrical, though in some cases non-symmetrical deformations were observed beyond the ultimate bending moment (due to slight non-symmetry in the test geometry). A typical FE failure mode is shown in Figure 23 . 
Parametric studies
Following the satisfactory agreement between test and FE model behaviour, this section presents parametric studies, intended to analyse trends and generate a greater pool of results.
Stub columns
From the comparison between test and FE stub column behaviour, it was shown that ultimate load was adequately predicted, but deformation at ultimate load was not well predicted. A parametric study has been conducted to determine ultimate loads for stub columns of varying slenderness, with the results compared against the yield load for each cross-section, to investigate the effects of strain hardening for the stocky sections and elastic local buckling in the slender sections. Variation in slenderness was achieved by altering the thickness of the OHS 150x75. Mean values for material properties were taken from the tensile tests performed at Imperial College London, whilst initial geometric imperfections were taken as the lowest eigenmode with an amplitude of t/500. The results are presented in Table 11 . Table 11 . Results of parametric study to investigate stub column behaviour
The results demonstrate that the two stockier sections (OHS 150x75x6.3 and OHS 150x75x8.0) are capable of achieving and exceeding their respective yield loads. The more slender OHS 150x75x5.0, OHS 150x75x4.0 and OHS 150x75x3.0 do not reach their yield load due to the effects of local buckling in the elastic material range, which, as expected, can be seen to be more detrimental with increasing slenderness.
Beams
From the comparison between tests and FE bending behaviour, it was shown that the ultimate moment, deformation at ultimate moment, and indeed the full bending moment-deformation history was well predicted. Thus a parametric study has been conducted to generate bending momentdeformation histories for a range of cross-section slenderness. As with the stub column models, this was achieved through variation in section thickness. Material properties were taken as the mean values from the tensile tests conducted at the University of Southampton on material cut from the bending specimens. Local and global imperfections were introduced as described previously in this paper.
The results of the parametric study are shown in Figure 24 , with the bending moments normalised by the plastic bending resistance of each of the cross-sections. 
COMPARISON WITH PRELIMINARY DESIGN GUIDANCE
A preliminary method for the section classification of oval hollow sections under the individual loading conditions of axial compression, minor axis bending and major axis bending has been drafted [9] ; combined loading was not considered. The classification limits are those contained in prEN 1993-1-1 (2003) [25] for circular hollow sections, but the section slenderness is defined based on an equivalent diameter D e , to account for the continuously varying curvature. The classification limits for axial compression and for minor axis bending, with which to compare the diameter-tothickness ratio (D/t) of a circular section (or D e /t for an oval section) are 50 ε 2 for Class 1, 70 ε 2 for Class 2 and 90 ε 2 for Class 3, where ε = (235/σ y ) 0.5 and σ y is the material yield strength. General guidance on the use of EN 1993-1-1 is available [26] .
For the configurations considered in the current study (i.e. axial compression and minor axis bending), the equivalent diameter D e used to determine the section slenderness is taken as that of an equivalent circle, as given by Eq. (8) , where the symbols have been harmonised with those adopted in the remainder of the paper. As shown in Figure 25 , the equivalent circle approximately follows the continuously varying curvature of the oval.
The calculated D e /t ratios of the tested specimens and three additional finite element models are given in Table 12 , along with their corresponding section classification. EN 1993-1-1 defines four classes of cross-section. Under pure compression, Class 1-3 specimens are capable of reaching their squash (or yield) load F y , defined as the gross area multiplied by the material yield strength, whilst Class 4 sections fail at a lower load due to local buckling in the elastic material range. In Table 12 , the ultimate test (or FE) load F u is normalised by the squash load F y , and the relationship between F u /F y and cross-section slenderness D e /tε 2 is plotted in Figure 26 . A value of F u /F y greater than unity represents meeting of the Class 1-3 requirements, whilst a value less than unity indicates a Class 4 section where local buckling prevents the yield load being reached. Figure 26 anticipated trend of reducing values of F u /F y with increasing slenderness, and indicates that a Class 3 slenderness limit of 90ε 2 is reasonable, but requires further investigation.
Table 12. Section classification in compression
It may be observed from Table 12 and Figure 26 that the three OHS 300x150x8.0 stub columns have performed better than expected, with the F u /F y values (of around 1.2) indicating a high degree of strain hardening. However, inspection of the load-end shortening curves of Figure 10 does not support this result and the high values of F u /F y are believed to be due to normalisation of the ultimate stub column load in compression by the yield load in tension, and assuming symmetrical stress-strain behaviour in tension and compression. Normalisation could alternatively be made against the stub column stress-strain curve itself or against compressive coupon data. Normalisation against the stub column curve itself is generally inappropriate since the material behaviour is influenced by the effects of local buckling (which may preclude reaching yield), initial imperfections and residual stresses. Normalisation against the compressive stress-strain curve is preferable and this will be generated as part of future studies. The finite element models of the stub columns are based on tensile properties and this issue therefore does not arise. Results of the nine tested beams and six modelled beams (generated as part of the parametric finite element study and shown in Figure 24 ) are presented in Figure 27 . The ultimate moments attained in the tests (or FE models) M u have been normalised against the plastic moment resistances M pl (calculated as the plastic modulus multiplied by the material yield strength) and plotted against cross-section slenderness D e /tε 2 in Figure 27 , where the section classification limits are also included. In bending, Class 1 cross-sections are capable of reaching and maintaining their full plastic moment (and may therefore be used in plastic design). Class 2 cross-sections are also capable of reaching their full plastic moment in bending but have a somewhat lower deformation capacity. In Class 3 cross-sections local buckling prevents attainment of the full plastic moment and the bending moment resistance is therefore limited to the (elastic) yield moment. For Class 4 cross-sections, local buckling occurs in the elastic range for which an effective cross-section is defined based on the width-to-thickness (or diameter-to-thickness) ratios of constituent elements, and this is used to determine the cross-sectional bending resistance. Figure 27 , the anticipated trend of decreasing moment resistance with increasing crosssection slenderness may be observed. The proposed classification limits are broadly acceptable, though some of the Class 1 and 2 cross-sections have not performed as would be expected -this apparent under-performance may be associated with the normalisation method (as discussed above) or variation in geometric properties. The classification limits will be reviewed on the basis of the results of further testing and finite element modelling which is currently underway.
CONCLUSIONS
This paper has provided an introduction to the behaviour of structural oval hollow sections and described a series of material and cross-section tests conducted at Imperial College London. In total 7 stub column tests and 7 tensile coupon tests were conducted. Further tests carried out in minor axis bending at the University of Southampton have also been summarised and reviewed. For all tests, measured geometry and material properties have been tabulated and the key results summarised. Full load-deformation curves for each test have been provided.
In parallel to the testing, a numerical modelling programme using the finite element package ABAQUS has been carried out. For stub column behaviour, ultimate load was generally well predicted, but deformation at ultimate load was not well predicted. For bending behaviour, the full bending moment-deformation history was consistently well predicted. Parametric studies were performed to investigate the influence of cross-section slenderness on structural response, where both strain hardening and local buckling effects were observed.
The test and finite element results have been compared with preliminary rules for section classification of oval hollow sections. The classification limits have been shown to be broadly acceptable, but require further test and finite element results for a thorough validation. Such data are currently being generated.
